In hereditary hemochromatosis (HH), intestinal absorption of dietary iron is increased, leading to excessive iron accumulation in tissues and resultant organ damage. The HFE protein, which is defective in HH, normally is expressed in crypt enterocytes of the duodenum where it has a unique, predominantly intracellular localization. In placenta, the HFE protein colocalizes with and forms a stable association with the transferrin receptor (TfR), providing a link between the HFE protein and iron transport. In the present study, we examined the relationship of the HFE protein to the TfR in enterocytes of the human duodenum and measured the uptake of transferrin-bound iron and ionic iron by isolated crypt and villus enterocytes. Immunocytochemistry showed that the HFE protein and TfR both are expressed in the crypt enterocytes. Western blots showed that, as was the case in human placenta, the HFE protein in crypt enterocytes is physically associated with the TfR and with ␤ 2 -microglobulin. The crypt cell fraction exhibited dramatically higher transferrin-bound iron uptake than villus cells. On the other hand, the villus cells showed 2-3 times higher uptake of ionic iron than crypt cells. We propose that the HFE protein modulates the uptake of transferrin-bound iron from plasma by crypt enterocytes and participates in the mechanism by which the crypt enterocytes sense the level of body iron stores. Impairment of this function caused by HFE gene mutations in HH could provide a paradoxical signal in crypt enterocytes that programs the differentiating enterocytes to absorb more dietary iron when they mature into villus enterocytes.
Hereditary hemochromatosis (HH) is a common autosomal recessive disorder characterized by increased iron absorption that leads to iron overload of parenchymal cells in many organs (1) (2) (3) (4) . Clinical consequences of iron accumulation include cirrhosis of the liver, hepatocellular carcinoma, diabetes, heart failure, arthritis, and hypogonadism. Feder et al. (5) cloned a candidate gene (HFE) for HH. In their study, 83% of 178 patients with clinically diagnosed HH were found to be homozygous for the same missense mutation (C282Y) in the HFE gene. The high frequency of the C282Y mutation in patients with HH has been confirmed by other investigators (6) (7) (8) (9) (10) (11) (12) (13) . Confirmatory evidence that a defective HFE gene causes HH was provided by recent observations in mice with a targeted disruption of the HFE gene (14) . By age 10 weeks, the HFE gene knockout mice had elevated transferrin saturations and increased iron storage in hepatocytes, confirming the prediction that a defect in the murine HFE gene would result in excessive absorption of dietary iron.
The human HFE protein predicted from the cDNA sequence is a major histocompatibility complex class I-like integral membrane protein (5) . The C282Y mutation was predicted to disrupt a critical disulfide bond in the ␣3 domain of the HFE protein and abrogate binding of the mutant HFE protein to ␤ 2 -microglobulin (␤ 2 M) (5). Feder et al. (15) and Waheed et al. (16) showed that the C282Y mutant HFE protein does not associate with ␤ 2 M in human embryonic kidney cells (293 cells) and COS-7 cells transfected with the mutant cDNA. Waheed et al. (16) also demonstrated that much of the C282Y mutant protein remains in high molecular weight aggregates, fails to undergo late Golgi processing, and undergoes accelerated degradation. Although these studies confirmed predictions of the effects of the C282Y mutation on HFE association with ␤ 2 M and its transport to the cell surface, they did not clarify the link between the HFE protein and iron absorption.
Our previous immunohistochemical studies demonstrated the immunolocalization of HFE protein in gastrointestinal tissues (17) and also showed that HFE protein is expressed in the placenta (18) . Here the HFE protein is localized on the apical surface of the syncytiotrophoblast cells and is physically associated with ␤ 2 M and the transferrin receptor (TfR), which mediates transport of transferrin-bound iron to the fetus via TfR-mediated endocytosis. Independently, Feder et al. (19) , Lebrón et al. (20) , and Gross et al. (21) reported that association of the expressed recombinant HFE protein with the TfR in cultured cells (19, 21) and in vitro (20) reduces its affinity for its ligand, diferric transferrin, and suggested that the normal HFE protein may play a role in down-regulating TfR-mediated iron uptake. Although this interpretation of the role of the normal HFE could explain how loss of a functional HFE gene could lead to increased uptake of transferrin-bound iron in parenchymal tissues in HH, it fails to explain how such mutations lead to dysregulation of dietary iron absorption by intestinal villus enterocytes in HH patients.
Our previous studies using immunohistochemistry showed that crypt enterocytes of duodenum express the HFE protein (17) . In the present study, we demonstrate that the HFE protein in crypt enterocytes is physically associated with the TfR. The cellular colocalization and association of these proteins in the crypt enterocytes leads us to propose that the HFE protein modulates the transport of transferrin-bound iron from the circulation into the crypt enterocytes. This interaction would allow the normal HFE protein to participate in the mechanism by which crypt cells sense the level of body iron stores and influence the iron level in crypt cells, which, in turn, regulates the developmental program that determines the amount of dietary iron they will absorb when they mature into villus enterocytes.
EXPERIMENTAL PROCEDURES
Reagents. The production and characterization of the HFE-CT16 antibody raised against a polypeptide of 16 C-terminal amino acids based on the cDNA of the HFE protein have been described (17) . By using a corresponding peptide-Affigel 10 resin, peptide-specific IgG was affinity-purified and stored in 50% glycerol at Ϫ20°C. Rabbit anti-human ␤ 2 M antibody was purchased from Sigma. Monoclonal anti-human TfR antibody was a product of Zymed. Human apotransferrin and nitrilotriacetic acid (NTA) were purchased from Sigma, and 59 FeSO 4 was purchased from Amersham Pharmacia. Apotransferrin was labeled with 59 Fe in the presence of NTA as described (22) .
Preparation of Duodenum Specimens and Isolation of Intestinal Cells. Duodenum specimens were obtained during surgical operations for pancreatic carcinoma. They were collected after informed consent, and the research was carried out according to the provisions of the Declaration of Helsinki. Some specimens were fixed in Carnoy's fluid and embedded in paraffin as described (17) . One specimen was cleaned with saline, frozen in liquid nitrogen, and stored at Ϫ80°C before use for the Western blots, immunoprecipitation, and functional studies. Different cell fractions of duodenal mucosa were obtained by using a differential scraping technique as described (23) . Using the short edge of a microscope slide, the mucosa from a thawed duodenum sample was gently scraped to remove cells in fraction 1 containing predominantly villus cells. The scraping process was repeated with increasing degrees of pressure for fractions 2 and 3. The final scraping with the greatest pressure yielded fraction 4, containing a majority of the crypt cells. The scrapings were quickly transferred to ice-cold PBS. The cells were recovered after centrifugation at 15,000 ϫ g for 10 min at 4°C. The cell pellets were resuspended in PBS for further experiments.
Association of the HFE Protein with TfR and ␤ 2 M. Fractions containing enriched villus (fraction 1) or crypt cells (fraction 4) containing 500 g of protein were lysed by sonication in 20 mM Na-phosphate buffer, pH 7.0, containing 1% Nonidet P-40 and protease inhibitors. The immunoprecipitation of the HFE protein complex was carried out by using the HFE-CT16 antibody as described (17, 18) . The immunocomplex was recovered and analyzed by SDS͞PAGE. The polypeptides associated with the HFE protein were visualized by using Western blot.
SDS͞PAGE and Western Blot Analysis. Samples containing 20 g of protein were analyzed by SDS͞PAGE under reducing conditions according to Laemmli (24) . The polypeptides were electrophoretically transferred to Immobilon-P membranes (Millipore). After transblotting, the polypeptides were immunostained by using HFE-CT16 antibody, polyclonal rabbit anti-human ␤ 2 M antibody, or monoclonal mouse anti-human TfR antibody followed by incubation with peroxidaseconjugated goat anti-rabbit IgG (Sigma) or peroxidaseconjugated sheep anti-mouse IgG (Sigma). The peroxidase activity was visualized by using a chemiluminescent substrate.
Immunocytochemistry. The HFE protein and TfR were immunostained by the biotin-streptavidin complex method, using the following steps: (i) pretreatment of the sections with undiluted cow colostral whey for 40 min and rinsing in PBS, (ii) incubation for 1 h with the primary antibody (5 g͞micro-scope slide) in 1% BSA in PBS, (iii) incubation with cow colostral whey for 40 min and rinsing in PBS, (iv) incubation for 1 h with biotinylated swine anti-rabbit IgG (Dakopatts, Glostrup, Denmark) or rabbit anti-mouse IgG (Dakopatts) diluted 1:300 in 1% BSA-PBS, (v) incubation with cow colostral whey for 5 min and rinsing in PBS, (vi) incubation for 30 min with peroxidase-conjugated streptavidin (Dakopatts) diluted 1:500 in PBS, and (vii) incubation for 2 min in a solution containing 9 mg of 3,3Ј-diaminobenzidine tetrahydrochloride (Fluka) in 15 ml of PBS ϩ10 l of 30% H 2 O 2 . The sections were washed three times for 10 min in PBS after incubation steps ii, iv and vi. All of the incubations and washings were carried out at room temperature, and the sections finally were mounted in Permount (Fisher Scientific).
The double-immunostaining of resuspended cells for the HFE protein and TfR was performed by using an immunofluorescence technique. Enriched crypt cells from fraction 4 were spread onto the microscope slides and fixed in 4% paraformaldehyde in PBS for 20 min. Saponin (0.05%) was used to permeabilize the cells. The steps in the doubleimmunostaining process for the cells and tissue sections were essentially the same as described by Waheed et Fe-transferrin. Nonspecific binding was measured in a parallel experiment with 100-fold excess of nonradioactive Fe-NTA or Fe-transferrin. After incubation, the cells were removed by centrifugation and washed twice with 1 ml of cold PBS. The cell-associated radioactivity was measured, and the results were expressed as cpm bound͞mg cell protein.
RESULTS

Colocalization of the HFE Protein and TfR in Human
Duodenum. Two different immunostaining techniques were used to study the cellular distribution of the HFE protein and TfR in human duodenum: (i) both proteins were localized in serial tissue sections by using an immunoperoxidase method, and (ii) both proteins were immunostained on the same section by using a double immunofluorescence method. The lowmagnification views of the HFE and TfR immunostainings demonstrate that the HFE protein was predominantly confined to the crypt region (Fig. 1 A) . The TfR showed a more widespread distribution pattern along the crypt-villus axis (Fig.  1B) . Both proteins were coexpressed in the same crypt enterocytes, although some differences were observed in the subcellular distribution. In the crypts, the HFE protein showed a prominent, perinuclear immunoreaction ( Fig. 1 C and E) , whereas the TfR showed both intracellular and basolateral plasma membrane-associated signals ( Fig. 1 D and E) . In Fig.  1E , the yellow color indicates colocalization of HFE protein (green fluorescence) and TfR (red fluorescence). Colocalization of the signals in the crypt cells appears to be predominantly intracellular. In the villi, the HFE protein was barely seen, whereas the TfR showed more distinct intracellular immunoreactivity. In addition to the staining seen in epithelial cells, numerous leukocytes staining for HFE protein and TfR were seen in the cellular lamina propria (Fig. 1 C and D) .
Expression of the HFE Protein and TfR in Isolated Villus and Crypt Cells of Duodenal Mucosa. Four different fractions of mucosal cells were obtained from a duodenum sample by using a scraping method. Fractions 1 and 4, comprising primarily villus and crypt cells, respectively, first were analyzed for the expression of the HFE protein and TfR. Western blots of these fractions are shown in Fig. 2 A. A single band with the expected M r of the HFE protein (48 kDa) was detected by the HFE-CT16 antibody in both fractions. However, the signal for HFE protein was much more intense in the crypt cells. The signal for the TfR polypeptide was also greater in the crypt cell fraction. The isolated crypt cell-enriched cell fraction was also double-immunostained for the HFE protein and TfR. Fig. 2B shows a single crypt cell where the overlapping fluorescence (26) , an important question is whether a similar association occurs in duodenum where dietary iron absorption is regulated. To address this question, the proteins from fraction 1 and 4 containing enriched villus and crypt cells, respectively, first were subjected to immunoprecipitation using HFE-CT16 antibody. Then, the immuno- Proc. Natl. Acad. Sci. USA 96 (1999) complexes were analyzed by Western blot using antibodies against TfR and ␤ 2 M. Fig. 3 demonstrates that the HFE immunoprecipitate from the crypt cell fraction contained coimmunoprecipitated TfR and ␤ 2 M. The HFE protein is less abundant in the villus cells (Fig. 2) Fe-NTA and the results are shown in Fig. 4 . The uptake of transferrinbound iron was found to be very low in the first three fractions (Fig. 4 A) and dramatically higher in fraction 4 containing crypt cells. The uptake by this fraction was 68 times higher than that of the most luminal (villus) fraction (fraction 1). In contrast, the uptake of 59 Fe-NTA, which presumably is mediated by the recently identified divalent metal transporter (DMT1) ʈ , was highest in the first fraction containing mainly villus cells, and slightly lower in the second and third fractions (Fig. 3B) . In fraction 4 (crypt cell), the uptake of 59 Fe-NTA was 50 -70% lower than that seen by the other three fractions.
DISCUSSION
The absorption of dietary iron is a tightly regulated process, occurring mainly in the proximal small intestine. Under normal conditions, the amount of absorbed iron is closely linked to the body iron needs (27) (28) (29) . Iron absorption is increased when body iron stores are low and tissue iron requirements are high. Conversely, iron absorption is depressed if body iron stores are increased. There is considerable evidence that this regulation is defective in HH (27, 30) , but the precise mechanism of the mucosal abnormality in this disorder is not known. Physiological studies by McLaren et al. (31) suggested that the increased iron absorption in HH may be mediated primarily by an increase in the rate constant for transfer of mucosal iron to the plasma. Our previous studies showed that the HFE protein, which is defective in HH, is expressed in the epithelial cells of the gastrointestinal tract (17) . The unique localization in the crypt enterocytes of the duodenum suggested that the HFE protein may participate in the regulation of intestinal iron absorption. The studies reported here demonstrate that the HFE protein colocalizes with and is physically associated with the TfR in the crypt enterocytes.
Our findings that crypt cells take up much more transferrinbound iron than villus cells, whereas the villus cells show higher uptake of ionic iron, are in agreement with previous studies indicating differences in the transport of iron along the cryptvillus axis. For example, Conrad and Crosby (32) showed by autoradiography that the epithelial cells of the mid to upper villus are able to absorb iron from the diet, whereas crypt enterocytes take up iron from body iron stores that is delivered to them by the circulation. Oates et al. (33) showed that crypt ʈ DMT1 was cloned independently on the basis of homology to Nramp, a macrophage gene product and initially called Nramp2; it also was identified by expression cloning as a divalent cation transporter and called DCT1. In this paper it is referred to as DMT1 to indicate its specificity for metal cations (36). cells not only showed greater uptake of transferrin-bound iron, but that this uptake was regulated by dietary iron consumption in that greater uptake of transferrin-bound iron was seen when dietary loading raised the serum transferrin saturation. Presumably, this uptake of transferrin-bound iron leads to a regulatory response that down-regulates further absorption of dietary iron.
A key question in understanding HH is how this transferrinbound iron uptake by crypt cells regulates absorption of dietary iron by the villus cells. There is physiological evidence that the iron concentration within the crypt cells is the most important determinant of regulation of dietary iron absorption (27, 32) . When serum transferrin-bound iron levels are low, reflecting low body iron stores, the reduced transferrin-bound iron uptake by crypt cells programs the differentiating enterocytes to absorb more dietary iron in the villus (27) . The 2-to 3-day time interval required for newly formed crypt cells to mature into absorptive enterocytes explains the delay between a physiological stimulus to alter iron absorption and the actual change in the iron absorption rate. Presumably, this transition to mature ionic iron-absorptive enterocytes involves regulation of the level of iron regulatory proteins, which stabilize the iron-responsive mRNA for DMT1, leading to increased synthesis of DMT1 in the differentiating enterocytes (34, 35) . Increased expression of DMT1 in the villus, the scenario reported in iron deprivation (34) , would in turn lead to greater absorption of dietary iron at the apical surface.
What then is the role of the normal HFE protein in this process and how do the mutations in this protein in HH lead to elevated levels of dietary iron absorption, even in the face of iron overload? We propose that the normal HFE protein participates in the regulation and uptake of transferrin-bound iron in the crypt cells, and that the HH mutations disrupt this function, leading to decreased transferrin-bound iron uptake by the crypt cells. The lower than appropriate levels of iron in the crypt cells, relative to the total body iron stores, would lead to an inappropriate signal to absorb more dietary iron in the differentiating villus cells.
The normal HFE protein, which we show here associates with the TfR in crypt cells, could modulate the uptake of transferrin-bound iron by the crypt cells by one or more of several mechanisms (21) . First, it might enhance the cycling rate of the TfR cycle, expediting the delivery of transferrinbound iron into the cells. Second, it might facilitate the endosomal egress of iron released during the TfR cycle. Third, it might change the affinity of the TfR for its ligand, diferric transferrin, and thus indirectly influence the uptake of iron. Actually, the HFE protein has been reported to reduce the affinity of the TfR for its ligand (19) (20) (21) . However, the nanomolar changes in affinity reported seem unlikely to influence the TfR occupancy significantly at physiological levels of transferrin (Ϸ25 M). An intracellular effect of HFE protein on TfR trafficking resulting in increased iron uptake by crypt cells seems more consistent with the predominantly intracellular localization of the HFE protein in crypt enterocytes of the duodenum (17) . Whatever the mechanism by which the HFE protein regulates the uptake of transferrinbound iron in crypt enterocytes, we propose that the effect of HH mutations is to impair uptake of transferrin-bound iron. Lower than appropriate intracellular iron levels, in turn, would signal the need for greater iron absorption at the luminal surface of the villus, even in the face of excess transferrinbound iron in serum and iron storage in parenchymal cells, as are characteristic of HH.
The one clear prediction of this model is that the anticipated low levels of iron in crypt enterocytes in HH should signal up-regulation of enterocyte DMT1 mRNA through its iron response element (36) . The availability of the mouse model of HH in which the murine HFE gene has been disrupted should allow a direct test of this prediction.
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